Accurate arterial stiffness measurement would improve diagnosis and monitoring for many diseases.
aneurysms (Dijk et al. 2004 ), hypertension (Laurent et al. 2001 ), dementia (Hanon et al. 2005 ) and aging (Mitchell et al. 2004 ). Accurate, spatially resolved noninvasive vessel stiffness measurements would allow efficient diagnosis and monitoring of these common conditions.
Several techniques for non-invasive vessel stiffness measurements have been developed. Shear wave elastography (SWE) measures the propagation speed of the mechanical wave resulting from a focused ultrasound (FUS) 'push' on the vessel wall (Couade et al. 2010) , which is related to the wave speed in an homogenous infinite plate surrounded by fluid (Nenadic et al. 2011 ). Acoustic radiation force impulse (ARFI) imaging applies a similar 'push', and uses the magnitude of the induced displacement as a relative measure of wall stiffness (Allen et al. 2011 ). Magnetic resonance elastography (MRE) measures a steadystate vibration field from a source close to the artery using phase-contrast MRI to recover local estimates of the shear modulus (Kolipaka et al. 2012 ). SWE, ARFI and MRE have produced promising results to date; however, questions remain about the validity of the required assumptions. All three techniques assume mechanical homogeneity, which is often not valid in vivo, particularly in the case of pathological arteries. Additionally, determining the effects of stiffness changes on the 'cushioning'
property of the arterial tree and associated blood flow dynamics requires an additional step taking into account the vessel wall cross-sectional geometry and stiffness distribution to compute the compliance of each artery section.
The arterial compliance can be directly estimated through the velocity of intrinsic pulse waves which result from cardiac contractions forcing incompressible blood into flexible arteries, which is related to the artery compliance (Bramwell and Hill, 1922 ).
Global pulse wave velocity (PWV) is estimated by performing two temporally synchronized pulse pressure measurements at different locations and estimating the average propagation speed (Wilkinson et al. 1998 properties. We have demonstrated a pulse wave inverse problem (PWIP), which accounts for reflections by fitting unknown parameters of a computational model of the governing 1D pulse wave equations to the measured data to compute spatially resolved estimates of the vessel compliance. The PWIP accurately computed the compliance distribution of heterogeneous phantoms with stiff inclusions as small as 7mm ). This study aims to test in vivo feasibility and repeatability of the methodology in carotid arteries of healthy human subjects.
Methods:
Pulse wave inverse problem (PWIP)
The PWIP is an inverse problem approach to recovering the unknown vessel properties, where parameters from a computational model are fitted to measured data using optimization methods . In this case, the computational model is the linearized partial differential equations governing 1-dimensional pulse wave propagation in heterogeneous flexible tubes (Fung et al. 2013 ),
Here, ܲ is the blood pressure, ‫ݑ‬ is the blood velocity, ‫ݔ‬ is the coordinate along the vessel, ‫ݐ‬ is time, ‫ܣ‬ the reference vessel area, ‫ܭ‬ ோ is the fluid resistance and ݇ is the local vessel compliance. ݇ describes how readily the vessel area, ‫,ܣ‬ expands in response to a change in pressure, according to the equation The model is parameterized by a piecewise linear compliance distribution and a number of discrete cosine transform (DCT) components of the inlet pressure BC to provide a vector of unknown parameters, . Starting from an initial guess, the parameters are updated to minimize the difference between the incremental wall displacements of the physical system measured via ultrasound,
, where ‫ݔ‬ ௦ and ‫ݐ‬ ௦ are the spatiotemporal sampling coordinates of the measurement system, and the equivalent incremental wall displacements calculated by the model, ݀ ‫,ݔ(‬ ‫,ݐ‬ ), which can be computed from equation 2 with a cylindrical assumption,
where Δܲ(‫ݔ‬ ௦ , ‫ݐ‬ ௦ ) is the model pressure increment at the sampling coordinates, ‫ݔ(‬ ௦ , ‫ݐ‬ ௦ ). The objective function for the minimization is
where ܰ ௫ and ܰ ௧ are the number of spatial and temporal sampling regions, respectively. for the minimization via the conjugate gradient method is computed using first order forward differences. Initial guesses for ݇ are generated from thickness and vessel diameter measurements and assuming a cylindrical vessel with a prescribed elastic modulus of 20 kPa. Initial guesses for the inlet BC are generated using equation 2 with the estimated ݇ and measured wall displacements at the inlet.
The iterative optimization process results in a 1D compliance map, ݇ ‫,)ݔ(‬ and inlet pressure BC, ܲ(0, ‫,)ݐ‬ which gives the closest match between the measurements and the model.
Data Collection
Five healthy male (22-32 y.o.) volunteers with no known cardiovascular disease were recruited in the study, blood pressure was recorded as the median of three measurements taken on the right arm using 
Data Analysis
The PWIP for each dataset used the data range corresponding to the primary pulse wave and the next dicrotic notch as measured wall displacement data, ‫ݑ‬ , which were manually selected from the spatiotemporal incremental wall displacement (figure 2). The start of each pulse was selected to avoid any propagating pulse waves to fit the prescribed ICs in the model, and the end of the primary pulse Pa -1 models a reflection with no phase change originating from the carotid bifurcation, which is a rough approximation of the true nature of the downstream reflections.
Standard PWV estimation using wavefront tracking was also performed by finding the 50% upstroke of the primary pulse for each scan line, which is defined as the time when the wave reaches 50% of the maximum amplitude. A linear fit of the spatiotemporal locations of the 50% upstroke markers gives an estimate of the average PWV across the ultrasound transducer ).
The repeatability of the compliance distribution of the PWIP was quantified by computing the standard deviation across the 5 repeated scans for each patient. The Bramwell-Hill equation (equation 2) was used to compute the local PWV, ܿ , and the mean value was compared with PWV estimates from wavefront tracking using a 2-tailed t-test to check for significant differences. Spatial trends in ݇ and ܿ distributions were analyzed by taking the mean of the leftmost and rightmost 3 points for each of the 5 scans and using a 2-tailed t-test with null hypothesis of zero difference. Additionally, the spatial gradient of the 5 scans for each subject was computed and tested against the null hypothesis of zero spatial gradient using a 2-tailed t-test.
The repeatability analysis was also performed with data bounds including the primary pulse downstream reflection, and the results compared to the case where the reflection was avoided.
A semi-independent measure of the relative compliance across the imaged region of the vessel can be calculated from the cross-sectional area change over the cardiac cycle. The central blood pressure is difficult to measure non-invasively, and can vary significantly from the brachial pressure, particularly in younger healthy subjects used in this study (Nichols et al. 2011 ). However, it is reasonable to assume the range between minimum and maximum pressures, Δܲ, along the relatively short imaged region of the carotid is constant, so using equation 2, the ratio of downstream and upstream compliance is
where ݀ is the minimum diameter (measured from the B-mode image), and Δ݀ is the diameter change, computed by summing the incremental PWI displacement data. The subscripts ‫ݑ‬ and ݀ refer to the upstream and downstream end of the imaged region, respectively. The median and range of ܴ ௗ/௨
was compared to the ratio of upstream and downstream ݇ from the PWIP.
Results:
PWIP results for a typical case are presented in figure 3 . table 1 . PWV values ranged from 2.9-3.43ms -1 , which is at the lower end of the range expected for young, healthy subjects.
When the primary pulse reflection was included, repeatability deteriorated from an average coefficient of variation across subjects of 23% to 27% for compliance, and 11% to 14% for PWV. Figure 7 shows typical examples of the fitted model displacements for cases when the primary pulse reflection is included or excluded. When included in the measured data, the downstream reflection is only partially captured by the model, most likely due to the highly simplified resistance BC applied at the carotid bifurcation.
The ratio of compliance estimates at the downstream and upstream ends of the imaged region are compared to an equivalent ratio of the PWIP ݇ estimates in table 2. Both methods find higher median compliance at the downstream end of the imaged region for all 5 subjects, and nearly all individual measurements have a compliance ratio above 1.
Discussion:
Previous studies have demonstrated that the PWIP can accurately imaging known compliance Healthy arteries are not expected to have strong spatial property inhomogeneities. Therefore, internally generated reflections would be minimal, which is ideal for wavefront tracking as an isolated forward travelling wave is generally identifiable. The PWIP had equivalent variability to wavefront tracking, and has the added benefit of spatially resolved measurements. Two of the 5 subjects had significant differences between the PWIP and wavefront tracking, likely due to reflections from the carotid bifurcation altering the apparent wavespeed estimated by wavefront tracking. The PWIP roughly approximates these reflections through the outlet BC, therefore, is less affected so we do not necessarily expect the two methods to produce the same answer. The model-based approach of the PWIP also accounts for internally generated reflections, which will be present in pathological arteries; studies of atherosclerosis and aneurysms are a promising application for future studies using the PWIP.
Arteries have three main layers, the intima, media and adventitia, each with different mechanical properties (Sommer et al. 2010) . Pathological cases such as plaques and aneurysms can have even more complex structures. The 1D compliance mapping of the PWIP can only estimate the overall compliance of each cross-section, which is a function of the cross-sectional mechanical properties and geometry.
Additional information such as displacement or strain maps of the cross-section may be required to map the mechanical properties in 3D. 
Conclusion:
The PWIP is a model-based strategy which fits unknown parameters of a computational model of pulse wave propagation to readily obtainable vessel wall displacement data. Compared to conventional wavefront tracking, the PWIP uses much more of the available data, accounts for reflections, and produces a spatially resolved compliance estimate. The initial in vivo evaluation of the PWIP in healthy arteries in this study demonstrated similar repeatability to wavefront tracking, and the PWIP indicates the compliance of the common carotid artery increases approaching the bifurcation. The PWIP is well suited to future applications in focal arterial diseases such as aneurysms and plaques, where internally generated reflections make conventional processing challenging. Model-based strategies such as the PWIP allow more sophisticated mechanical effects to be incorporated, including nonlinearity, viscosity and more appropriate outlet BCs to better represent downstream reflections, providing avenues for future improvements.
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